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Drosophila neurexin (DNRX) plays a critical role in proper architecture development and synaptic function in vivo. However, 
the temporal and spatial expression pattern of DNRX still remains unclear. For this study, we generated a novel Drosophila 
transgenic strain termed the DNRX-Gal4 transgenic line, with characteristic features in agreement with the endogenous DNRX 
expression pattern. DNRX expression was examined by driving the expression of a GFP reporter (nuclear-localized and mem-
brane-localized GFP) using the DNRX-Gal4 promoter. We found that DNRX was expressed preferentially in central and motor 
neurons in embryos, larvae and adults, but not in glial cells. DNRX was expressed in pre- and post-synaptic areas in third in-
star larvae neuromuscular junctions (NMJs). Reporter expression was also observed in the salivary glands, guts, wings and legs 
of adult flies. In the adult brain, reporter expression was observed throughout several brain regions, including the mushroom 
body (MBs), antennal lobe (AL) and optic lobe neurons, which is consistent with endogenous DNRX expression via antibody 
staining. Interestingly, DNRX was also expressed in clock neurons. Meanwhile, we found that DNRX expression in the MBs 
was required for olfactory learning and memory. 
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Neurexins play an important role in connecting and main-
taining neuronal synapses. Studies have indicated that ver-
tebrate neurexins play essential roles in the development 
and function of synapses (Dean et al., 2003; Graf et al., 
2004; Missler et al., 2003). There are three neurexin genes 
in mammals, each of which has two promoters, thus gener-
ating - and -neurexin (Missler et al., 1998; Tabuchi and 
Sudhof, 2002). In Drosophila, only one neurexin (dnrx) 
gene has been found, and this gene is critical for the for-
mation of synapse cytoarchitecture, synapse development, 
and function (Li et al., 2007; Zeng et al., 2007). However, 
the spatial and temporal distribution of Drosophila neurexin 
(DNRX) is still not well characterized. 
Previous studies showed that the dnrx mRNA was en-
riched in the brain and in the ventral nerve cord by in situ 
hybridization (Chen et al., 2010; Li et al., 2007). However, 
it is difficult to detect whether dnrx expresses in muscle 
cells using RNA in situ hybridization (Li et al., 2007; Zeng 
et al., 2007). The subcellular localization of DNRX has 
been investigated in embryos, larval brains using regular 
antibody staining, and DNRX was concentrated in the neu-
ropil regions of the brain and the ventral nerve cord in em-
bryos and larval brains (Li et al., 2007; Sun et al., 2009; 
Zeng et al., 2007). In the adult brain, DNRX was localized 
in several brain lobes (Zeng et al., 2007). DNRX is a synap-
tic protein and is transported along axons to synaptic termi-
nals after it has been expressed in the cell body. Therefore it 
cannot be precisely depicted using regular antibody staining 
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from which cells DNRX expression in neuropil transport. In 
addition, DNRX expression is undetectable in muscle cells 
using regular antibody staining because of a low level of 
DNRX protein at the NMJs and/or a low affinity of DNRX 
antibodies.  
The GAL4-UAS (GAL4-Upstream activating sequence) 
ectopic expression system is widely used in Drosophila 
melanogaster for gene expression and functional analysis. 
The GAL4-UAS system for gene expression analysis allows 
for the overcoming of some of the limitations of in situ hy-
bridization and antibody staining. Therefore, we generated 
the DNRX-Gal4 line, which fuses the core promoter se-
quence of the dnrx gene with Gal4, to confirm DNRX ex-
pression in NMJs and to analyze the cell specific expression 
pattern of DNRX during the fly life cycle. 
RESULTS 
Expression pattern of DNRX-Gal4 was similar to en-
dogenous DNRX 
We established four independent transgenic lines bearing 
the DNRX-Gal4 construct, which spanned the region from 
357 to +1711 (Figure 1A) (Sun et al., 2009). To compare 
DNRX-Gal4 expression with endogenous DNRX, DNRX- 
Gal4 transgenic flies were crossed with the UAS-mCD8- 
GFP on wild type background and with the DNRX overex-
pression allele on a dnrx mutant background. The third lar-
vae brain was co-stained with anti-CD8 and DNRX anti-
body or anti-Dnlg2 (Sun et al., 2011) and DNRX antibody. 
The axon, synaptic neuropil and the cell body of motor 
neurons were labeled by anti-CD8 antibody. Endogenous 
DNRX was expressed in synaptic neuropil where DNRX 
signal was colocalized with CD8-GFP driven by DNRX- 
Gal4 (Figure 1B). Meanwhile our results indicated that ex-
ogenous DNRX driven by DNRX-Gal4 was correctly dis-
tributed in the neuropil of the larval brain, similar to en-
dogenous DNRX (Figure 1C and D). Taken together, these 
results indicated that DNRX-Gal4 drove gene expression in 
a pattern similar to the endogenous DNRX expression pat-
tern in the larval CNS. 
DNRX was expressed in motor neurons during all stages 
of development 
To characterize the expression pattern of DNRX throughout 
the entire life cycle, DNRX-Gal4 transgenic flies were 
crossed with the UAS-mCD8-GFP reporter line. The re-
porter expression pattern was tested using immunostaining 
with a GFP antibody. To determine the initiation of DNRX 
expression, we stained the embryos (genotype: DNRX- 
Gal4/+; UAS-mCD8-GFP/+) at various stages with the an-
ti-Elav antibody to mark differentiated neurons. The results 
demonstrate that the GFP signal can be detected in a subset 
of neurons in the ventral nerve cord as early as stage 15, a 
point at which motor neuron differentiation has already oc-
curred (Figure 2A). More GFP-positive neurons occurred at 
very late stages (beyond stage 17, Figure 2B). 
In the third instar larval stage, the ventral nerve cord 
(thick arrow) and motor nerves (arrow) can be seen through 
the translucent cuticle in a composite image of the third 
instar larva (genotype: DNRX-Gal4/+; UAS-mCD8- 
GFP/+). Individual nerve branches and neuromuscular junc-
tions (NMJs) can be easily identified under higher magnifi-
cation in the third instar larval stage (Figure 3A and B). Our 
results indicate that the GFP reporter was expressed in the 
leg disc (arrow in Figure 3C). In the adult leg, we were able 
to image the innervation pattern of the muscles through the 
cuticle. The GFP reporter was expressed in the sensory 
neurons of each leg (thick arrow in Figure 3F). The sensory 
neurons at the anterior margin of the wing were also 
mCD8-GFP positive (thick arrow in Figure 3G). In addition, 
we found that the GFP reporter was expressed in a few 
non-neuronal cells in the mid-gut epithelium (Figure 3D) 
and in the salivary glands (Figure 3E). In summary, the 
DNRX-Gal4 line expresses Gal4 most prominently in neu-
rons that innervate muscles in embryonic and adult stages. 
These results suggested that DNRX was expressed in motor 
neurons throughout the entire life cycle. 
The larval brain forms during the first 24 h of embryo-
genesis. Subsequently, Drosophila has three larval stages 
(L1, L2 and L3) before its pupation and then it reaches 
adulthood. The larval brain already contains the anlagen for 
the following adult brain structures: the mushroom bodies 
(MBs), optic ganglia and antennal lobe. At the third larval 
stage, the MBs appear as paired neuropiles with a structure 
mostly conserved in the adult. The Kenyon cells (Kc) ex-
tend two types of processes. One type forms a dendritic 
calyx (Ca); the other forms a fasciculated axonal tract (the 
peduncle), which extends ventrally toward the anterior sur-
face of the brain, where it separates into two main branches: 
the dorsal lobe (Dl) and the medial lobe (Ml). 
DNRX-Gal4 expression (monitored through mCD8-GFP 
or GFP-lacZ.nls expression) was compared with the staining 
of Elav in the larval brain and ventral nerve cord. Our re-
sults demonstrate that mCD8-GFP was highly expressed in 
the ventral nerve cord, brain lobes and motor neuron axon 
bundles (Figure 4A). In addition, enlargement of the brain 
demonstrated that the mCD8-GFP signal was expressed in 
the calyx and lobes of the MBs (Figure 4A′), which sug-
gests that DNRX-Gal4 was expressed in the MBs. Further-
more, we analyzed the expression of GFP-lacZ.nls driven 
by DNRX-Gal4 in the brain during the third larval instar. 
Our results show that the GFP-lacZ.nls signal was ex-
pressed in MBs’neurons (KCs) (Figure 4B). These results 
indicate that DNRX was highly expressed in MB’s neurons 
(KC neurons). 
We next wanted to determine whether DNRX was ex-
pressed in all neurons or only in a subset of neurons. To 
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address this question, we performed double staining using 
an anti-GFP antibody and an anti-Elav antibody (a pan- 
neuronal marker) in a DNRX-Gal4/+; UAS-GFP- 
lacZ.nls/+larval brain. Our results demonstrated that the 
expression of DNRX-Gal4 was highly selective and marked 
only a subset of cells from a large field of neurons identified 
using the pan-neuronal marker Elav in the ventral ganglion 
of third instar larvae (Figure 4C). In summary, DNRX was   
 
 
Figure 1  Fragments of the dnrx enhancer and map of the pPT-GAL vector. A, The genomic region 357 bp upstream of the transcription start site to the 
ATG was fused to the pPT-GAL vector. The resultant construct (bottom), termed DNRX-Gal4, was used for P-element mediated transformation, and inde-
pendent transgenic lines were established. B, The brain disc of DNRX-Gal4/UAS-CD8-GFP was stained with anti-CD8 (green) and anti-DNRX antibody 
(red). C and D, In third instar larvae brain, DNRX-Gal4 had the same expression pattern as endogenous DNRX. 
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Figure 2 (color online)  Expression pattern of DNRX-Gal4 in the embryo. A, Lateral view of a stage 12 embryo; GFP expression is detectable in early-born 
motor neurons. B, Lateral view of a stage 16 embryo showing DNRX-Gal4 expression in the brain (br) and ventral nerve cord (VNC).  
 
Figure 3 (color online)  Confocal micrographs of the DNRX-Gal4 expression pattern throughout the life cycle. A and B, In a composite image of a third 
instar larva, the ventral nerve cord (thick arrow head) and the motor nerves (arrow) can be seen through the translucent cuticle. C, DNRX-Gal4 was ex-
pressed in the leg imaginal discs of Drosophila third instar larvae. D, Relatively small, non-neuronal cells (arrow) in the epithelium of the midgut of a third 
instar larva. E, DNRX-Gal4 was also detected in the salivary glands. F, The innervation pattern of the adult leg musculature can be observed through the 
cuticle. A few sensory neurons in the tarsi (thick arrow head) can also be seen. G, In adult wings, chemosensory cells at the anterior margin project via the 
wing nerve to the brain.  
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Figure 4 (color online)  DNRX-Gal4 is predominantly restricted to a subset of neurons, not glia cells. A and B, Expression of DNRX-Gal4 in the larvae 
brain (MBs and neuropil). C, Images of the ventral nerve cord double labeled to reveal DNRX-Gal4-driven nuclear GFP (C) and Elav-expressing neurons (C′) 
showing that DNRX-Gal4 is expressed in some Elav-positive neurons. D, Double-labeled images with DNRX-Gal4-driven nuclear GFP (D′) and an an-
ti-Repo antibody revealed that DNRX-Gal4 is not expressed in glial cells. E, Confocal images of larval brain VNC costained with anti-Repo and anti-DRNX 
showing completely different expression pattern between DNRX and Repo. F and G, DNRX-Gal4 is also expressed in some sensory neurons.  
expressed in some, but not all, neurons. 
To analyze whether DNRX was expressed in glial cells, 
we performed double staining with an anti-GFP antibody 
and an anti-Repo antibody in the larval brain (Genotype: 
DNRX-Gal4/+; UAS-GFP-lacZ.nls/+). Our staining results 
demonstrated that the GFP reporter and Repo signal were 
not colocalized (Figure 4D) in the ventral nerve cord. Fur-
thermore, we performed double staining with an anti-DNRX 
antibody and an anti-Repo antibody in the wild type third 
instar larval brain. Our result showed that the expression 
pattern of endogenous DNRX was different from that of 
Repo (Figure 4E). These results suggest that DNRX is not 
expressed in glial cells. 
To analyze whether DNRX was expressed in peripheral 
sensory neurons, we crossed DNRX-Gal4 transgenic flies to 
UAS-GFP-lacZ.nls flies and analyzed the GFP expression 
pattern. The peripheral sensory neurons were labeled by 
GFP-lacZ.nls (Figure 4F). This result indicates that DNRX 
is also expressed in sensory neurons. Additionally, we 
found that some Elav-positive sensory neurons lacked GFP 
expression, which also suggests that DNRX is not expressed 
in all sensory neurons. Furthermore, we co-stained the den-
drites and axons of sensory neurons with an anti-GFP anti-
body and an anti-HRP antibody. These results confirmed 
that DNRX-Gal4 was expressed in some, but not all of the 
sensory neurons (Figure 4G). These results also suggest that 
DNRX might be expressed and play a role in peripheral 
sensory neurons. 
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DNRX was expressed in pre- and post-synapses in third 
instar larvae neuromuscular junctions 
Endogenous DNRX may be present both pre- and post- 
synaptically in the embryo. Thus, we next asked whether 
DNRX was expressed in both pre- and post-synapses in the 
third instar larval NMJs. 
To address this question, we analyzed the expression of 
DNRX using the DNRX-Gal4/UAS-GFP-lacZ.nls reporter 
system followed by immuno-staining with an anti-GFP an-
tibody. The muscle cell nuclei were stained with DAPI 
(4′,6-diamidino-2-phenylindole). The staining results de- 
monstrated that GFP-lacZ.nls was highly expressed in the 
nucleus of third instar larval muscle cells and that the ex-
pression was driven by the DNRX-Gal4 promoter (Figure 
5B). There was no GFP expression in the nuclei of non- 
DNRX-Gal4-driven third instar larval muscle cells (Figure 
5A). These results demonstrate that DNRX is expressed in 
the muscle, which indicates that DNRX could be expressed 
in post-synaptic areas in the third instar larval NMJs. 
Furthermore, we investigated the expression of DNRX in 
the NMJ using immuno-electron microscopy (IEM). We 
first analyzed the expression of endogenous DNRX using an 
anti-DNRX antibody in 24 NMJs from three different ex-
periments. Black immunogold particles indicated that DNRX 
was present in the presynaptic nerve terminals and the 
postsynaptic muscle cells. As shown in Figure 5C, about 70% 
black immunogold particles were found in the postsynaptic 
muscle (blue arrow) and 30% black immunogold particles 
were localized in the presynaptic terminals (red arrow). 
The expression level of endogenous DNRX at NMJs is 
very low [6,8]; only a few immunogold particles can be 
detected in wildtype NMJs. Therefore we expressed Dro-
sophila exogenous neurexin using a DNRX-Gal4 driver, 
and then, we analyzed the expression of DNRX using IEM. 
Our IEM results demonstrated that exogenous DNRX was 
expressed in both pre- (Figure 5D, red arrow) and post- 
synaptic regions (Figure 5D, blue arrow) in third instar lar-
vae NMJs. Together, our results indicate that DNRX is ex-
pressed in, not only pre-synaptic neurons, but also 
post-synaptic muscle cells. Thus, DNRX-Gal4 would be a 
very useful genetic tool for co-expression in both neurons 
and muscle to study the development of the NMJs. 
Whole-brain distribution of DNRX expressing cells in 
adults 
To map the DNRX-expressing cells in the adult brain, the 
DNRX-Gal4 line was crossed with the UAS-GFP-lacZ.nls 
reporter line, a line which expresses nuclear localized GFP in 
GAL4-expressing cells. As shown in Figure 6A and C, 
DNRX-Gal4-driven nuclear-localized GFP expression was 
observed in a wide variety of cell types throughout the brain, 
including MBs (Kenyon neurons), antennal lobe neurons, optic  
 
 
Figure 5  DNRX-Gal4 is expressed in pre- and post-synaptic areas in the Drosophila neuromuscular junctions. A and B, The expression of GFP driven by 
DNRX-Gal4 in the muscle cell nuclei, which indicates that DNRX-Gal4 is expressed in both pre- and post-synaptic areas in the NMJs. C, Representative 
immune-electron micrograph from WT NMJs showing endogenous DNRX immunogold particles in both presynaptic terminals (red arrow) and in postsyn-
aptic muscle (blue arrow). D, Representative immune-electron micrograph from dnrx>UAS-dnrx NMJs revealed that exogenous DNRX driven by 
DNRX-Gal4 is localized to the pre- (red arrow) and postsynaptic areas (blue arrow). 
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Figure 6 (color online)  Whole-brain distribution of DNRX-Gal4 expressing cells in adults. A and B, Expression of DNRX-GAL4 was observed in 
PDF-positive neurons identified by double staining with an anti-PDF antibody. PDF-positive neurons are indicated by arrows (B). C, Expression of 
DNRX-Gal4 in Kenyon neurons and antennal lobe neurons. 
ganglion neurons and the sub-esophageal ganglion (SOG). 
The antennal lobe is the primary olfactory center within 
the Drosophila brain and represents the anatomical and 
functional equivalent of the vertebrate olfactory bulb. 
DNRX expression in antennal lobe suggests that DNRX 
might play a role in the development of the antennal lobe. 
To visualize the distribution of endogenous DNRX in the 
brain, we performed antibody staining of the entire Dro-
sophila head. Our results demonstrated that DNRX was 
predominantly localized in the brain, including MBs, the 
antennal lobe (Figure 7A), the medulla, and the lobula com-
plex (Figure 7B). 
In Drosophila and other animals, the circadian clock is 
synchronized to the environmental light cycle and supervis-
es the daily activity rhythms in physiology and behavior. 
Drosophila circadian rhythms are controlled by a neural 
circuit containing approximately 150 clock neurons. We 
found that DNRX was expressed in PDF-positive clock 
neurons (Figure 6A and B). This result suggests that DNRX 
might play a role in Drosophila rhythms. 
DNRX expression in MBs was required for olfactory 
learning 
Numerous studies have indicated that the Drosophila MBs 
are critical for olfactory associative learning and  
memory (Akalal et al., 2006; McGuire et al., 2001). The 
immunostaining results with the DNRX antibody and re-
porter expression pattern by DNRX-GAL4 demonstrate that 
DNRX was strongly expressed in MBs within the Drosoph-
ila adult brain (Figure 7A and C). Whether DNRX is in-
volved in learning and memory during the adult stage is 
unknown. Here, we used the T-maze to test the learning and 
memory ability of Drosophila adults carrying a P element 
or null mutation of the dnrx gene. The dnrx mutants exhib-
ited normal responses to odors and electric shocks (Figure 
7D and E). However, the dnrx mutants with a P element 
insert had a low learning and memory index compared with 
the wild type adults (WT, LI=66.4±1.07, n=8 vs. dnrxd08766, 
LI=49.7±1.48, n=8, P<0.05; Figure 7F). The homozygous 
dnrx null mutants, dnrx∆83/∆83, demonstrated a lower learn-
ing and memory ability (dnrx∆83/∆83, LI=21.0±0.82, n=8 vs. 
WT, P<0.01; Figure 7F). These results suggest that the 
learning and memory ability of Drosophila adults may de-
pend on DNRX expression. 
To address this question of whether DNRX expression in 
MBs play an important role in Drosophila learning and 
memory, we performed MBs special Gal4 (Ok107-Gal4) 
rescue experiment. Here, we also first assessed the respons-
es of the different genotypes used in our MBs rescue ex-
periment for normal odor and shock avoidance; no signifi-
cant differences were observed for odor and shock avoid-
ance between these flies (Figure 7D and E). dnrx∆83/∆83 flies 
bearing one OK107-Gal4 (genotype: dnrx∆83/∆83; OK107- 
Gal4/+ and LI=21.2±0.42, n=8) or one UAS-dnrx (geno-
type: UAS-dnrx/+; dnrx∆83/∆83 and LI=19.3±0.36, n=8) or 
one DNRX-Gal4 (genotype: DNRX-Gal4/+; dnrx∆83/∆83 and 
LI=20.9±0.92, n=8) displayed poor learning and memory. 
This is the same as the dnrx null mutant (Figure 7F). MBs 
special rescue flies (genotype: UAS-dnrx/+; dnrx∆83/∆83;  
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Figure 7 (color online)  MBs expression of DNRX-Gal4 agreed with the DNRX mapping of the dose-dependent memory circuits in olfactory conditioning. 
A and C, Endogenous DNRX and DNRX-Gal4 are highly expressed in adult MBs. B, DNRX is expressed in Drosophila optic lobes. D, E and F, Flies that 
were two to three days old were assayed immediately after the training session with the classical conditioning procedure developed by Tully and Quinn 
(1985). Compared with wild-type Drosophila w1118, the dnrx P element insertion mutants had lower LI values, and the null mutant dnrx∆83 had more severe 
learning defects (D, E and F). The Learning and memory defects of dnrx null mutants can be partially rescued by DNRX expression in the MBs and restored 
to wild type level by DNRX expression driven by DNRX-Gal4. These results support the observed expression of the reporter gene driven by DNRX-Gal4.  
OK107-Ga4/+ and LI=52.3±1.92, n=8) performed signifi-
cantly better than control flies (genotype: dnrx∆83/∆83; 
OK107-Gal4/+ and UAS-dnrx/+; dnrx∆83/∆83). These results 
showed that the learning and memory defects of dnrx null 
mutants can be partially rescued by DNRX expression in 
MBs using OK107-Gal4. Our results suggest that DNRX 
expression in MBs is required for Drosophila learning and 
memory. 
If the DNRX expression driven by DNRX-GAL4 is con-
sistent with the endogenous DNRX expression pattern, it 
should be able to rescue the learning and memory defects of 
dnrx null mutants. To test this hypothesis, we performed the 
rescue experiment using DNRX-Gal4 as a driver. Our re-
sults showed that DNRX expression driven by DNRX-Gal4 
(genotype: DNRX-Gal4/UAS-dnrx; dnrx∆83/∆83and LI= 
59.4±1.9, n=8) was sufficient in restoring the learning and 
memory of dnrx null mutant flies to wild type level (Figure 
7F). 
DISCUSSION 
We have reported the DNRX-Gal4 transgenic lines under 
the control of the dnrx gene regulatory region in our previ-
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ous publication. Here, we characterized the expression of 
the DNRX-Gal4 transgenic line. Although several papers 
have reported the endogenous DNRX expression pattern 
using DNRX specific antibodies (Chen et al., 2010; Li et al., 
2007; Sun et al., 2009; Tian et al., 2013; Zeng et al., 2007), 
the DNRX expression in various tissues during fly devel-
opment has not been described. We utilized the Gal4/UAS 
system to examine the temporal and spatial expression of 
DNRX during the fly life cycle. 
We found that DNRX expression driven by DNRX-Gal4 
was compatible with endogenous DNRX expression in the 
third instar larvae brain. Thus, we analyzed the temporal 
and spatial expression of DNRX using a reporter gene 
driven by DNRX-Gal4 in the embryonic and larval stages 
and in non-neuronal and neuronal tissues in the adult stage. 
We found that DNRX-Gal4 was initially expressed in a 
subset of neurons at stage 15 of Drosophila embryonic de-
velopment.  
Neurexins are also localized in the post-synaptic areas. 
Neurexins expressed in the post-synaptic areas may control 
synaptogenesis by silencing the function of post-synaptic 
Nlgs [18]. Chen et al. (Chen et al., 2010) found that DNRX 
was expressed in embryo post-synaptic body wall muscles 
using RNA in situ hybridization. Functionally, the 
post-synaptic RNAi knockdown of neurexin changed the 
abundance of the post-synaptic glutamate receptor protein. 
This finding provided new insights into the role of neurexin 
in synapse development. Our results also indicated that 
DNRX was expressed in the muscle cells of the third instar 
larvae using the DNRX-Gal4/UAS-reporter system (Figure 
5A and B). Furthermore, our immune-electron microscopy 
results with an anti-DNRX specific antibody indicated that 
both endogenous DNRX and exogenous DNRX driven by 
DNRX-Gal4 were localized to the post-synaptic areas of the 
Drosophila larval NMJs (Figure 5C and D). Therefore, our 
results provide new evidence about the post-synaptic func-
tion of neurexins. Additionally, we prepared a very useful 
Gal4 tool for co-expression in both neurons and muscle. 
Our DNRX expression pattern analyses indicate that 
DNRX is expressed in a subset of neurons, but not in glia, 
throughout the life cycle (Figure 1–4). Specifically, DNRX 
was highly expressed in the MBs of both the larval and 
adult brain. DNRX may be involved in MBs plasticity and 
function during the larval stage, which is consistent with a 
previous report (Zeng et al., 2007). Furthermore, our results 
indicated that DNRX function was a dose-dependent regu-
lator in adult learning and memory. 
MATERIAL AND METHODS  
Fly stocks 
Flies were maintained at 25C on a standard medium with 
60%–80% relative humidity. W1118 flies were used as a 
wild-type strain. The fly stocks 6451 (UAS-GFP-lacz.nls) 
and 5137 (UAS-mCD8-GFP) were obtained from the 
Bloomington Stock Center at Indiana University (Bloom-
ington, USA).  
Plasmid construction and transgenic flies 
DNRX-Gal4 lines have been described in our previous pub-
lication (Sun et al., 2009). Analyses of dnrx promoter region 
were performed using the promoter prediction program 
(NNPP version 2.2, Berkeley Drosophila Genome Project, 
http://www.fruitfly.org/index.html) (Huang et al., 2014; 
Reese, 2001). The genomic fragment including the dnrx 
core promoter was amplified and cloned into the pPTGAL 
(Sharma et al., 2002) [12] vector. 
Reporter signal detection and antibody staining 
To detect DNRX-Gal4 expression in the third instar larval 
stage, transgenic flies were crossed with the 
UAS-mCD8-GFP and UAS-GFP-lacz.nls. Confocal analy-
sis was performed on a Zeiss confocal station and imaged 
with the LSM510 software (Zeiss, Germany). 
The embryos were dechorionated for 4 min with 2% so-
diumhypochlorite (bleach), fixed with fresh 3.7% formal-
dehyde (in phosphate buffered solution (PBS))/heptane for 
20 min and devitellinized by shaking in methanol/heptane. 
The embryos were rehydrated with 0.1% PBT (PBS con-
taining 0.1% Triton X-100), blocked with 0.1% PBT/5% 
bovine serum albumin (BSA) and incubated overnight with 
the primary antibody in 0.1% PBT (Zeng et al., 2007). 
Wandering third instar larval brains and adult brains 
were dissected in 1×PBS and fixed in 4% paraformaldehyde 
for 40 min. After 3×5 min washes, the preparations were 
blocked with 5% BSA in 0.1 mol L1 phosphate buffer (pH 
7.2) containing 0.3% TritonX-100 for 1 h. Next, the primary 
antibodies were added and incubated overnight at 4C. 
The primary antibodies were diluted as follows: mouse 
anti-Elav (DSHB, USA), 1:50; mouse anti-Repo (DSHB, 
USA), 1:50; rabbit anti-GFP, 1:2000 (Torrey Pines Biolabs, 
USA); rabbit anti-DNRX antibody, 1:200; and mouse an-
ti-DNRX mAb A4, 1:50 (Sun et al., 2011). 
Immunogold electron microscopy 
Larval NMJs were dissected in HL3.1 buffer (128 mmol L1 
NaCl, 2 mmol L1 KCl, 4 mmol L1 MgCl2, 35 mmol L1 
sucrose, 5 mmol L1 Hepes, pH 7.4), and fixed 1h in a   
mixture of 2% glutaraldehyde and 2% formaldehyde in       
0.1 mol L1 sodium cacodylate buffer (pH 7.4, wash buffer). 
Specimens were washed four times with wash buffer and 
blocked 1 h at 4C with block buffer (10% New goat serum 
+1% BSA+0.1% saponin). Specimens were incubated over-
night at 4C in DNRX antibody, washed with 0.1% saponin 
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buffer, and incubated for 1 h at room temperature in sec-
ondary antibody conjugated to 0.8 nm gold particles (1/50 
dilution, Nanoprobes, USA). After being thoroughly washed 
3 times with ddH2O, silver enhancement was performed (HQ 
Silver enhancement kit, Nanoprobes). Specimens were trans-
ferred to 1% osmium tetroxide in 0.1 mol L1 sodium caco-
dylate (pH 7.4) for 2 h, washed three times with ddH2O, and 
dehydrated in an ethanol series, and embedded into Lowi-
cry1 K4M. Ultra-thin sections (90 nm thick) were cut with 
Leica UC6 (Germany) using a diamond knife. Grids were 
post-stained 2 min with 2% saturated uranyl acetate in 50% 
ethanol and 2 min with 1% lead citrate (pH 12), examined 
with H-7650 electron microscope (Hetachi, Japan) and rec-
orded with a Ganton 830 digital CCD. 
Learning experiments 
The learning experiments were performed as described 
by Tully and Quinn (Tully and Quinn, 1985). Briefly, three 
to five days old flies were sequentially exposed to two odors 
for 60 s each. The first odor was paired with an electric 
shock (60 V, 12×1.5 s pulses), and the second odor was not 
paired. The associative learning was tested within 3 min of 
training completion. During the testing, flies were exposed 
to both odors simultaneously in a T-maze. All training and 
testing were performed in a climate-controlled room with 
75% humidity at 25°C under a dim red light. The learning 
index was calculated as the percentage of flies that correctly 
avoided the odor paired with an electric shock minus the 
percentage that incorrectly avoided the second odor. The 
paired and unpaired odors were swapped in each half of the 
experiment. The performance index (PI) was calculated as 
the average of the two reciprocal learning index values. 
Sensorimotor responses were tested in untrained flies of the 
same age. Flies were placed in a T-maze and given a choice 
between an odor and clean air or between two electric grids 
(with only one of the grids connected to the stimulator). The 
avoidance values represent the percentage of flies that 
avoided the odor or electric shock minus the percentage of 
flies that did not. The genotypes of the experimental flies 
were coded before the experiments such that the experi-
ments were performed blind to avoid any subconscious bias. 
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